Abstract. Intrinsic fluorescence method was applied to study the miscibility and interactions of thermoplastic phenol formaldehyde resin (TPF) / poly(!-caprolactone) (PCL) blends. The characteristic intrinsic fluorescence emission of TPF at 313 nm showed the very good sensitivity to monitor the macromolecular chain motion in the TPF/PCL blends. The glass transition (T g ), crystallization (T c ), and melting transition point (T m ) of TPF/PCL blends were measured by the temperature dependence of intrinsic fluorescence intensities upon heating or cooling process. Interestingly, when TPF/PCL " 5/5, besides a T g for the amorphous phase of blend, another transition at temperature a little higher than T g of PCL can be observed by intrinsic fluorescence method. This microheterogeneity can be explained by the so-called 'rigid amorphous phase' (RAP) due to the good flexibility and the strong self-association of PCL chains in amorphous phase. Besides, the analysis of the dependence of T g on the content of PCL suggests that this microheterogeneity can attenuate the interactions between TPF and PCL chains and result in a lowering of T g s of blends. In view of the simplicity and sensitivity of measurement as well as affordability of instrument, intrinsic fluorescence proved to be an effective means for characterization of microstructural variation in polymer blends.
Introduction
During the past years, the miscibility and specific interaction of miscible blends involving crystallizable polymers have been topics of intense interest in polymer science because of the strong economic incentives arising from their potential applications [1] [2] [3] [4] . On the basis of the crystallizability of the constituents, crystalline/amorphous binary polymer blends are more widely studied because of their simpler crystalline phase relative to crystalline/ crystalline ones [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . And the addition of an amorphous polymer to a crystalline one can modify both the melting (T m ) and the glass transition temperature (T g ) of the crystalline polymer and consequently has an important effect on kinetic parameters governing the crystallization process. Therefore, it would be very important to determine the interactions between the amorphous polymer and crystallization regimes. And most of studies on these systems are concerned with dipole-dipole interactions, hydrogen bonding strengths, morphology patterns or crystallization kinetics. From one experimental point of view, an improvement in the understanding of the correlation between
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Intrinsic fluorescence studies of compatibility in thermoplastic phenol formaldehyde resin / poly(!-caprolactone) blends microstructure and interaction of polymers has been obtained by several techniques, such as differential scanning calorimetry (DSC), dynamic mechanical thermal analysis (DMA), electron microscopy (EM), Fourier transform infrared (FTIR) spectroscopy etc. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Each of these techniques has its advantages and drawbacks. For instance, DSC is very convenient to observe miscibility in polymer blends, but it is not so sensitive and sometimes it is very hard to clearly identify T g s of the blends. Though DMA is relatively sensitive [15] , the sample preparation is complicated, especially for those polymers whose T g is below the room temperature. Compared with thermal analysis and EM, FTIR can analyze, in situ, some positive information on specific interactions between polymers without introducing additional physical process like freezing a given phase-separated state for the measurements. However, the IR spectral bands cannot be readily resolved into two peaks with areas corresponding to the free and the hydrogen-bonded absorptions [16] . Relatively, owing to the merits of high sensitivity and nondestructive measurements, the fluorescence technology has been regarded as a powerful and effective tool to measure the macromolecular motions on a molecular level with probe and labeling [17] [18] [19] . Although this method can obtain lots of useful information of polymer micromorphology and microstructure, the labeling procedure is often tedious. In addition, in most of the fluorimetric studies of polymer, the fluorescent probe was covalently attached to one of the polymers, which in fact changed the microenvironment of macromolecules and made the macromolecules more hydrophobic, thus enhancing their complexation ability. It is worth noting that the intrinsic fluorescence of polymers has also shown to be highly sensitive to issues ranging from local polymer conformational populations in solution and phase behavior in solvents and polymer blends to local microenvironments in bulk homopolymers [20] [21] [22] [23] . Due to its intrinsic sensitivity, this fluorescence method also proved to be powerful in the study of small-scale phase separation and low-concentration miscibility [24] . In our previous researches [25, 26] , the intrinsic fluorescence spectra were found to be very simple and sensitive means to characterize the transition of molecular conformation and aggregation of macromolecular chains.
In this work, we employed the intrinsic fluorescence method to investigate the miscibility and interactions of crystalline/amorphous polymer blends. For convenience, we chose a very common crystalline polymer, poly(!-caprolactone) (PCL), which is miscible with several amorphous polymers through the formation of hydrogen bonding [27, 28] . Since the miscibility of PCL blends depends on the self-association and inter-association of hydrogen-bonding donor polymers, the amorphous component used here is thermoplastic phenol formaldehyde resin (TPF) which has polar group (hydroxyl group) and chromophores (benzene rings). It was found that the intrinsic fluorescence can provide us valuable information of compatibility on a very small scale and might supplement the existing characterization tools.
Experimental 2.1. Materials and samples preparation
The PCL used in this work was purchased from Polysciences (UK). The TPF was synthesized as follows: First, the molten phenol and oxalic acid were placed into a flask fitted with a mechanical stirrer, a condenser, and a thermometer. And then the mixture was heated to 90°C (a slight exotherm was noted), and formaldehyde was charged into the reaction mixture over a 90 min period using a dropping funnel, during which time the temperature began to drop. The molar ratio for phenol / formaldehyde / oxalic acid was 1 / 0.75 / 0.01. External heating was required to keep the system at ~95°C for the duration of the reaction. Reactions were heated for an additional 6 h before the resins were isolated. After the condensation process, volatiles, water, and some free phenol were removed using a hightemperature (150°C) vacuum distillation. Finally, the solid resin was powdered using a mortar and pestle. The molecular weights and the polydispersity index (DPI) were determined through gel permeation chromatography (GPC) using a Waters 510 HPLC (U. S. A.), equipped with a 410 differential refractometer, a refractive index (RI) detector, and three Ultrastyragel columns connected in series in order of increasing pore size. N,N-dimethylformamide (DMF) with LiBr (1 g/l) was used as eluent solvent at a flow rate of 0.6 ml/min at 25°C. DMF (A. R.) and toluene (A. R.), purchased from Guangzhou Chemical Reagent Factory (P. R. China), were distilled under reduced pressure before use. The chemical structures and basic characterization of TPF and PCL are shown in Figure 1 and Table l, respectively. Film samples with various compositions were prepared by casting from 1 wt% toluene solutions onto quartz plates at room temperature. Firstly, the solution was allowed to evaporate slowly at room temperature for 1 day, and then the films were further heat treated in a vacuum oven at 50°C for 24 h to ensure the total elimination of solvent.
Apparatus
The fluorescence spectra were recorded with a FLS920 Combined Fluorescence Lifetime and Steady State Spectrometer (Edinburgh, England) using either a cooling or heating rate of 3 K/min. Unless otherwise specified, in cooling and heating measurements, the fluorescence spectra were recorded after having annealed samples at 410 and 180 K for 15 min, respectively. To minimize the influence of reflected light, 45º-angle sample geometry was employed. For the convenience of comparison, samples were also examined by a DSC-204 (Netzsch, Germany) under the same condition.
3. Results and discussion 3.1. Intrinsic fluorescence of TPF and PCL solutions. In order to better understand the intrinsic fluorescence of blend films, we first measured the emission spectra in TPF and PCL solution at the concentration of 2 g/l. Clearly, a negligible fluorescence emission of PCL can be seen in Figure 2 . Besides, there exists the maximum fluorescence intensity for TPF at 315 nm when excitation was done at 296 nm according to the excitation spectrum shown in the inset of Figure 2 . Thus, these results make it easy to attribute the fluorescence emission of TPF/PCL films in the following discussions. Figure 3 shows the intrinsic fluorescence spectra of TPF/PCL (3/7) blend film at various temperatures during the cooling process. As expected, a maximum intensity can be observed at about 313 nm, indicative of the emission of TPF phase. Obviously, the emission intensity increases as the temperature decreases, suggesting a decrease in the non-radiative deactivation process upon cooling. Figure 4 presents the temperature dependence of fluorescence intensity of TPF/PCL (3/7) blend film during the cooling process. It can be clearly seen that two crossovers are located at 241 and 298 K, blend is fully miscible in the amorphous region. Before we present a further interpretation of the temperature dependence of fluorescence intensity shown in Figure 4 , it is necessary to review briefly several aspects of the photophysical process. Fundamentally, the excited state of chromophore promoted by absorption of a photon is deactivated by radiative (fluorescence K r ), and non-radiative (K nr ), thus the fluorescence intensity (I) can be understood as Equation (1): (1) where " F is the fluorescence quantum yield. Since Kr only depends on temperature through the refraction index [29] , Equation (1) can be expressed as Equation (2): (2) where K r 0 is a constant independent of temperature and n is the refraction index. Distinctly, as shown in Equation (2), the intrinsic fluorescence intensity is mainly influenced by n and K nr . Usually, it is assumed that, the non-radiative processes (K nr ) almost become zero at very low temperatures, so that the radiative deactivation is the favored pathway and only K r accounts for the fluorescence intensity. However, at relatively high temperatures, the motions of the polymer chains are less limited and the balance of these two factors should be taken into account: (i) the reduction of the refraction index [30] and (ii) the deactivation of the fluorescence by non-radiative processes due to the increased thermal motions [31] . Note that, the refractive index of amorphous polymer film decreases with the temperature increases and shows a inflection point at Tg, suggesting stronger temperature dependence at T > T g than T < T g [30] . Hence, the explanation of the results obtained in Figure 4 should now be clear. When the temperature was lower than 298 K (T < T c ), the molecular chains of PCL started to arrange themselves in regular arrays upon crystallization and restrict the motions of TPF chains which reduced the non-radiative decay rate and finally caused the higher fluorescence quantum yield and the greater temperature dependence of intrinsic fluorescence intensity. On the other hand, the less temperature dependence of intrinsic fluorescence intensity at T < 241 K was dominantly induced by the effect of refraction index and nonradiative rate, which both showed less temperature dependence in the glassy state compared to rubbery state [32] , due to the limited large-scale cooperative mobility of macromolecular chains in amorphous region at T < T g . To obtain the comprehensive assessment of intrinsic fluorescence, the heating process of TPF/PCL (3/7) blend film has also been studied, shown in Figure 5 . There are also two obvious crossovers in the plot, located at 248 and 318 K, highly consistent with the T g of TPF/PCL amorphous phase (245 K) and the melting temperature (T m ) of PCL crystalline phase (319 K) obtained by DSC method (see inset of Figure 5 ). As expected, the temperature dependence of fluorescence intensity around T g of TPF/ PCL amorphous phase during cooling process (Figure 4) is similar with that during heating process ( Figure 5 ). However, in contrast to cooling process, the heating process shows an opposite intensity variance around the transition temperature of PCL crystalline, that is, a stronger temperature dependence of fluorescence intensity. This behavior sug- gests that, when melting process started to occur, the flexible PCL chains could render more drastic movement of TPF due to the strong hydrogen bond interaction between the hydroxyls of TPF and carbonyls of PCL, which greatly increased the nonradiative decay rate and thus reduced intrinsic fluorescence quantum yield of TPF. Thus, the results in Figure 5 not only verify our explanation in Figure 4 , but also strongly suggest that the intrinsic fluorescence is very sensitive method for monitoring the molecular chain motions in TPF/PCL blend film. The similar behavior can be also found in the case of TPF/PCL (4/6) blend (see Figure 6 ). However, it can be seen for TPF/PCL (5/5) blend, there is only a single T g (263 K) in the DSC trace (inset of Figure 7 ), which indicates the TPF/PCL (5/5) blend is not only completely amorphous but also homogeneous due to the strong hydrogen bond interaction. Surprisingly, as shown in Figure 7 , it can be observed that there are two crossovers determined by intrinsic fluorescence, located at 267 and 224 K, respectively. The former temperature is in agreement with T g of TPF/PCL blend in DSC trace, while the latter one is a little higher than the T g of PCL (210 K). Generally, a polymer blend is regarded as miscible when it exhibits a single T g and regarded as immiscible when it exhibits two T g s corresponding to those of the constituent components as determined by DSC. However, there is a general consensus that such experimental technique, while very useful to investigate macrophase separation in the polymer blends, cannot guarantee that a polymer blend is miscible on a molecular level [33] [34] [35] . Besides, fluorescence spectroscopy has proven to be very sensitive method in studying aggregation and phase separation behavior at the molecular level, and can provide us with information on a scale smaller than conventional light scattering and comparable to small-angle neutron scattering (SANS) [36] . Since the homogeneity of a polymer blend is usually dependent on the detectable minimum domain size by the experimental technique used, a plausible explanation is that, the crossover at 224 K may be ascribed to the microscopic heterogeneity in the TPF/PCL (5/5) blend. Note, in Figure 7 , that there is a slight change in the slope at around 320 K which is close to the T c of PCL. Was this caused by the inhomogeneous mixing in sample preparation? To answer this question, Figure 8 displayed the temperature dependence of the intrinsic fluorescence intensity for TPF/PCL (5/5) blend film during the heating process. Clearly, the inflexion point at 270 K can be observed, which is ascribed to the T g of TPF/PCL blend. However, another unexpected crossover at 226 K has also been found. Moreover, no drastic decrease in the slope appears around T m of PCL in Figure 8 . This result strongly convinces us that the crossover at lower temperature (224 K) in Figure 7 should result from the microheterogeneity in the TPF/PCL (5/5) blend instead of the error in sample preparation. In order to further testify the above result, TPF-rich blend has also been investigated. Because the intrinsic fluorescence showed the more obvious response upon heating than upon cooling, we only concentrate on the temperature dependence of fluorescence intensity of TPF/PCL (6/4) and (7/3) blend film during the heating process, shown in Figure 9 and 10, respectively. Similarly, no indication of PCL crystalline but two transition temperatures appear (one close to T g of blend and the other a little higher than T g of PCL), which coincides with the result shown in Figure 7 and 8.
Temperature dependent intrinsic fluorescence of TPF/PCL Films
To better understand the compatibility of TPF/PCL, a careful analysis of the dependence of T g for polymer blends on the content of PCL was considered.
As we know, the Fox relation [37, 38] (see Equation (3)) is well used to describe the T g dependence of random mixed polymer blend:
where T g1 , T g2 and T g refer to the T g of TPF, PCL and TPF/PCL blend, W 1 and W 2 refer to weight fractions of component, i.e. TPF and PCL, respectively. Figure 11 summarizes the variation of T g by the intrinsic fluorescence and DSC with increasing W 1 of TPF/PCL blends. As can be seen, results obtained by intrinsic fluorescence and DSC method show a good agreement. In order to better understand Figure 11 , the curves are divided into three regions by two critical weight fractions W cr1 and W cr2 , which are located at 0.5 and 0.7, respectively. Obviously, an upward curvature of T g -W 1 , i.e. strong positive deviations from Fox rule can be seen at W 1 < W cr2 (region I and region II). Note that, only DSC data are shown at W 2 < W cr1 (region I) since it is hard for intrinsic fluorescence method to calculate the weight fraction of amorphous component when there exist a crystallization phase in TPF/PCL blends. Since there is no microheterogeneity in region I, the positive deviations can be simply explained by the balance of two opposite effects: (i) the increase in stiffness due to strong interactions between two components which enhances T g s of blends [39] [40] [41] , and (ii) the destruction of the self association of each component which lowers T g s of blends [42] . So it is easy to understand the former effect is the dominant one in region I. Besides, this result also implies that the strong interactions between the TPF and PCL chains can still exist even when the content of TPF is relatively low, e.g. W 1 < 0.3. Thereby, it is reasonable to expect that the similar situation should also arise when the content of TPF is high, e.g. W 2 > 0.7. Unfortunately, when the content of TPF increases up to W cr2 (W 1 = 0.7), the upward curvature disappears (region III). As we know, for the amorphous phase in TPF/PCL blends, the only difference between region I and region III is that there is the microheterogeneity in the latter but not in the former. Thus, the phenomenon in region III not only confirms the existence of microheterogeneity but also suggests this microheterogeneity can attenuate the interactions between TPF and PCL chains and result in a lowering of T g s of blends.
3.3.
The mechanism of formation of microheterogeneity According to the finding above, a hypothetical mechanism is schematically proposed in Figure 12 , to describe the interaction behavior and formation of microheterogeneity in TPF/PCL blends: (i) when TPF/PCL < 5/5, the blend can form a homogeneous amorphous phase and a crystalline phase due to the strong hydrogen bond interactions between the hydroxyls of TPF and the carbonyl or ether groups of PCL; (ii) when TPF/PCL > 5/5, the regular arrangement of PCL macromolecular chain in the crystalline phase is completely destroyed by a large amount of TPF chains. It is worth mentioning that many semi-crystalline polymers such as poly(ethylene terephtahlate) (PET) [43] , poly(cabonate) (PC) [44] , polypropylene (PP) [45] , have been found to possess of in a three-phase structure consisting of crystalline, amorphous phases and a so-called third phase i.e., rigid amorphous phases (RAP). The RAP has the distinct chain mobility from conventional amorphous phase and can only unfreeze at a temperature higher than T g [46] . Thus, similarly in the cases of TPF/PCL > 5/5, due to their good flexibility and the strong self-association, the amorphous PCL phase still tend to arrange orderly to some extent in a small domain, forming an amorphous PCL microphase like RAP and leading to the microheterogeneity. Similar phenomena have also been observed in other miscible crystalline/amorphous polymer blends judging from the DSC and morphological results. For example, by using 1 H spin-lattice relaxation times in the rotating and laboratory frames, Parizel et al. [47] found that, the organization of the PEO/PMMA blend consisted of three parts: a crystalline PEO, constrained PEO units in the neighborhood of the crystalline lamellae and a miscible amorphous phase that is PMMA-rich. In addition, Asano et al. [48] have successfully utilized high-resolution solid-state NMR to analyze various heterogeneity scales in blends of poly (vinylphenol) with poly(ethylene oxide) (PEO), leading to the conclusion that miscibility is limited to above the 20-30 nm scale. Furthermore, in the research of Lin et al. [49] , the rotating-frame spinlattice relaxation time for protons, T 1$ ( 1 H), was measured from 13 C CP/MAS/DD NMR to probe molecular scales of heterogeneity in the miscible poly(benzyl methacrylate) (PBzMA)/poly(ethylene oxide) (PEO) blend over the whole composition range. Their results indicated that, three phases also appeared for the blends with PEO component > 16%, containing one miscible homogenous PBzMA-rich phase, one constrained PEO phase and one crystalline PEO phase. It worth mentioning, what a pity it is that the unambiguous clarification of PCL micro-phase structure in TPF/PCL blend is now not attainable due to the limitation of the detectable minimum domain size of our existing equipments. However, this work is still in progress in our laboratory by using other model polymer systems with the fluorescent probe technique.
Conclusions
The miscibility and interactions in TPF/PCL blends were investigated by the intrinsic fluorescence method. By monitoring characteristic intrinsic fluorescence intensity of TPF, the microheterogeneity can be observed in the blends (TPF/PCL " 5/5). Such a behavior is because that, after the crystalline phase of PCL is completely destroyed by TPF chains, the amorphous PCL phase still tend to arrange orderly to some extent in a small area due to their good flexibility and the strong self-association and thus forms the RAP. Besides, the analysis of the dependence of T g on the content of PCL suggests that this microheterogeneity can attenuate the interactions between TPF and PCL chains and result in a lowering of T g s of blends. In view of the simplicity and sensitivity of measurement, affordability and availability of instrument, intrinsic fluorescence method proved to be an effective means for characterization of microstructural variation in polymer blends. Since the molecular weight of TPF is low and the TPF molecules are very easy to diffuse in the blend, whether or not the microheterogeneity behavior obtained in this work can be extended to high-molecular-weight polymers deserves further verification. And we believe that deeper information on the molecular level would be obtained by changing the various chromophores. Besides, the intrinsic fluorescence method can also be extended to applied researches, like in-situ inspection of macromolecular motion, diffusing process, phase separation mechanism, the interfacial interaction between polymers and evaluation of the effect of compatibilizer.
